Abstract: By fabricating micro-scale Spiral Phase Plates within the aperture of a Vertical-Cavity Surface-Emitting Laser, a beam carrying specific OAM modes and their superposition states can be directly emitted with high efficiency and high beam quality. In emerging OAM-based classical or quantum information systems utilizing optical fibers[4] or free space[5] transmission, a key requirement is integrated components that generate OAM-carrying beams in a compact and costeffective way. Here, we report a novel approach to generating specific OAM-carrying beams by integrating microsized Spiral Phase Plates (SPPs) in the aperture of Vertical-Cavity Surface-Emitting Lasers (VCSELs). By integrating VCSELs with the additional phase structures, high purity OAM modes and their superposition states can be generated while maintaining advantages in cost and power efficiency. Photonic components can be produced which are not only highly suitable for OAM based optical communications systems, but also for quantum systems [6].
Introduction
Beams carrying Orbital Angular Momentum (OAM) are attractive as they offer a theoretically unbounded number of possible states, and have therefore been a subject of great interest for a variety of fundamental and applied research activities at both the classical and the single photon level. Applications include communication [1] , optical manipulation [2] , quantum information [3] and so on.
In emerging OAM-based classical or quantum information systems utilizing optical fibers [4] or free space[5] transmission, a key requirement is integrated components that generate OAM-carrying beams in a compact and costeffective way. Here, we report a novel approach to generating specific OAM-carrying beams by integrating microsized Spiral Phase Plates (SPPs) in the aperture of Vertical-Cavity Surface-Emitting Lasers (VCSELs). By integrating VCSELs with the additional phase structures, high purity OAM modes and their superposition states can be generated while maintaining advantages in cost and power efficiency. Photonic components can be produced which are not only highly suitable for OAM based optical communications systems, but also for quantum systems [6] . Fig. 1a illustrates the structure of a commercially available single mode and linear polarized VCSEL which has been integrated with an SPP. In the unmodified device, when electric current is injected through the top P-contact and the bottom N-contact, a Gaussian beam is emitted from the aperture at a wavelength of 860nm with a typical threshold current of 1mA. Fig. 1b shows an SEM image of the aperture of an unmodified VCSEL with a diameter of 8.5 . Fig. 1c shows a sketch of a SPP, which imparts the desired helical phase term, , by possessing a silicon nitride layer of graduated thickness that varies with the azimuthal angle around the center of the plate. Fig. 1d shows an SEM image of an etched SPP ( ), where the multi-sector, multi-step SPP structures are displayed. The SPPs were fabricated in a 1000 nm thick silicon nitride film deposited on the top of the VCSEL and patterned using a Focused Ion Beam (FIB) etching technique.
Results
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The fabricated SPPs in the aperture of the VCSEL with various OAM mode orders are pictured in Fig. 2a1 , b1, c1 and d1. For , as shown in Fig. 2 row (a), the emitting area is only covered the silicon nitride film so the farfield of the generated beam remains Gaussian. For devices with a SPP of non-zero topological charge, annular intensity distributions are observed, as displayed in Fig. 2 b2, c2 and d2. These intensity distributions are in good agreement with those expected of optical vortex modes as given by semi-analytical simulations of light emitted from VCSELs integrated with 8 stepped SPPs (Fig. 2 b3, c3 and d3) . The simulated spiral phase patterns of the farfield are illustrated in Fig. 2 b4, c4 and d4 . It can be observed that the number of the helical arms is equal to the number of the helical phase front of the OAM beam. In order to measure the OAM spectrum of the generated beams, we display a series of forked phase holograms on the Spatial Light Modulator (SLM). Fig. 2 row (g) , (h), (i) and (j) show the transmitted beam from a VCSEL integrated with a SPP of topological charge , and the measured intensity distributions after the beam has diffracted from the SLM displaying holograms of to . In g5, h6, i7 and j8 where , the transmitted beam contains a bright spot (indicating a major Gaussian component of the beam) on axis at the center of the image, confirming the OAM mode order of the emitted beam from the VCSEL.
In addition to the generation of individual OAM states, a key strength of our approach is that we can further design composite SPPs which can generate beams carrying a superposition of multiple well defined OAM states. As shown in Fig. 3 a1 and b1 , a concentric SPP consisting of an inner region with a SPP of topological charge surrounded by an outer region with a SPP of topological charge , can be used to generate superposition OAM state of and , as shown in Fig. 2 e1 . By setting the diameter of the inner region of the SPP to 3.8 (to be compared with the VSCEL total aperture diameter of 8.5 , an equal weighting of the and components can be achieved. Furthermore, by changing the relative orientation of the inner and outer regions of the SPP, the relative phase of and components can be tuned from 0 to 2 , as shown in Fig. 2 f1. In Fig. 2 e2 and f2, petal-like intensity patterns are observed which agree very well with the numerical simulations presented in Fig.2 e3 and f3. The resulting intensity distribution for a VCSEL with a composite SPP of a superposition state is shown in Fig.2 row (k) . This indicates the simultaneous presence of the two OAM states. 
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